REMARKS 

Claims 1-13 are pending in the application. Claims 10, 12, and 13 were withdrawn from 
consideration. The specification was objected to and claims 1-9 and 1 1 were rejected. The 
objections and rejections are addressed below. 

Objection to the Specification 

The specification was objected to because pages 41 and 56 recite sequences without sequence 
identifiers. This objection has been met by the present amendment to Tables 8 and 11, which are 
on pages 41 and 56, respectively, to include sequence identifiers. No new matter has been added. 

Rejection under 35 U.S.C. § 1 12. first paragraph 

Claim 6 was rejected as being indefinite for including the trademark/trade name "Eudragit LI 00- 
55." This term has been removed from claim 6, and thus this rejection may now be withdrawn. 

Rejection under 35 U.S.C. § 103(a) 

Claims 1-9 and 1 1 were rejected for obviousness over Laus et al. (J. Cont. Rel. 72:225-309, 
2001), in view of Betti et al. (Vaccine 19:3408-3419, 2001), Caputo et al. (Vaccine 21:1 103- 
1111, 2003), Caselli et al. (J. Immunol. 162:5631-5638, 1999), and O'Hagan et al. (WO 
98/033487). Applicants request that this rejection be withdrawn for the following reasons. 

The subject matter of claims 1 to 9 and 1 1 would not have been obvious in view of the cited 
documents, because the claimed microparticles display unexpected properties. Tat protein is 
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very delicate and labile. It easily undergoes degradation when exposed to oxygen, light, and 
room temperature. The inventors of this application have unexpectedly shown that Tat protein 
becomes stable once adsorbed onto microparticles as defined in claim 1 and retains its biological 
activity even once it has been exposed to oxygen, light, and room temperature. This of course 
facilitates the handling of the Tat protein and allows it to be used as a vaccine. 

The application as originally filed provides experimental evidence to support these unexpected 
properties. First, the passage at page 40, lines 22 to 28 indicates that Tat protein is easily 
oxidized because it contains seven cysteines and is photo- and thermo-sensitive. Indeed, the 
passage goes on to indicate that, because Tat protein is so unstable, it is normally only 
resuspended from a lyophilized form using degassed buffers and immediately before use. Even 
then, Tat protein is always handled in the dark and on ice. 

To determine whether or not the adsorption of Tat protein onto the microparticles as defined in 
claim 1 affects its stability, the inventors exposed some of the microparticle complexes of the 
invention to air and light at room temperature. Indeed, the passage at page 45, lines 23 and 24 
states that: 

"In some experiments, Tat alone or Tat-microparticle complexes were exposed to 
air and light at room temperature for 16 h before the addition to the cells.' 1 '' 

The inventors then determined the level of Tat protein activity in vitro by measuring the 
expression of CAT in HL3T1 cells (page 45, lines 25 to 32). The inventors found that the 
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adsorption of Tat protein onto microparticles rendered it resistant to the effects of oxygen, light, 
and room temperature. Indeed, the passage at page 46, lines 6 to 9 states that: 

"Finally, exposure to air and light did not inactivate Tat trans-activating 
function when Tat was previously adsorbed onto the microparticles, whereas it 
caused the loss of Tat biological activity when Tat was free (Figure 20). Thus, 
Tat bound to the microparticles was protected from oxidation." 

The unexpected properties of the microparticle complexes of the invention are confirmed by the 
attached paper (Caputo et al., Vaccine 22:2910-2924, 2004). It was published after the priority 
date of this application and discloses in more detail the experimental work upon which this 
application is based. The Examiner's attention is drawn to Section 3.5 of the Results on pages 
296 to 297. 

The ability of the microparticles as defined in claim 1 to stabilize Tat protein could not have been 
predicted from the cited documents. Indeed, as described above, Tat protein is so unstable that it 
would not have been reasonable to predict that it could be rendered resistant to air, light, and 
room temperature. 

The Examiner is correct in stating that the document by Laus et al. (Journal of Control Release, 
2001; 27: 225 to 309) states that microparticles as defined in claim 1 are capable of maintaining 
the activity of protein (in general) and protecting it from degradation (last sentence of the 
conclusion on page 283). However, the authors of Laus et al. provide no experimental evidence 
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to support this statement. Indeed, the document does not provide any evidence to support the 
idea that the microparticles are capable of stabilizing any protein adsorbed thereon. Instead, the 
document simply describes the adsorption of bovine serum albumin (BSA) onto the 
microparticles. The document certainly does not mention Tat. 

Given the context of the document by Laus et al., a person skilled in the art would assume that 
the authors were referring to degradation in the body following vaccination . Nothing in the 
document would lead a person skilled in the art to conclude that the microparticles could 
stabilize Tat protein, which is so unstable it is degraded by light, air, and room temperature. 

In view of this, it would not have been obvious for a person skilled in the art reading the 
document by Laus et al. to adsorb Tat protein onto the microparticles disclosed therein in order to 
render the Tat protein resistant to air, light, and room temperature. Even if a person skilled in the 
art was motivated to do so (which is not conceded), there would have been no reasonable 
expectation of success in view of the instability of Tat protein. 

The document by Betti et al. (Vaccine, 2001; 19: 3408 to 3419) does not teach or suggest that 
microparticles as defined in claim 1 are capable of stabilizing Tat protein. Indeed, the document 
by Betti et al. does not mention microparticles at all. It simply teaches that mutated Tat proteins 
are capable of evoking an immune response to wild-type Tat protein when administered to 
HL3T1 cells (see the sections entitled "2.4. Immunofluorescence" and "2.5. CAT assay" on page 
3410). 
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Similarly, the document by Caputo et al. (Vaccine, 2003; 21 : 1 103 to 1 1 1 1) teaches nothing 
about the stabilization of Tat protein using microparticles. The document merely teaches that 
immunizing mice with microparticles having Tat DNA adsorbed thereon results in a greatly 
increased CTL response against Tat (Abstract and the section entitled "3.3. Analysis of anti-Tat 
CTL responses" on pages 1 106 and 1 107). 

In addition, the document Caselli et al. (Journal of Immunology, 1999; 162: 5631 to 5638) 
neither teaches nor suggests that microparticles can be used to stabilize Tat protein. Indeed, the 
document does not mention microparticles at all. It merely teaches that mutated Tat proteins are 
capable of inducing humoral and cellular immune responses against wild-type Tat (Abstract and 
section entitled "Tat protein immunization" on page 5632). 

Finally, the document by O'Hagan (WO 98/033487) does not mention Tat protein at all. As a 
result, it would not be obvious on the basis of the teaching in that document that adsorption of 
Tat protein onto microparticles as defined in claim 1 would result in a stable complex. 

Overall, none of the cited documents (alone or in combination) teach or suggest that Tat protein 
would retain its biological activity after exposure to air, light, and room temperature if it was 
adsorbed onto microparticles as defined in claim 1. As a result, the subject matter of claims 1 to 
9 and 1 1 is not obvious in view of the cited documents. 
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Provisional Rejection for Obviousness-Type Double Patenting 

Claims 1-9 and 1 1 were provisionally rejected for obviousness-type double patenting over claims 
1-7, 10-15, and 17 of U.S. Serial No. 10/577,973. Applicants request that this rejection be 
withdrawn. 

As will be clear from the above discussion, the claims under examination concern microparticles 
having Tat protein adsorbed at the external surface. This subject matter is novel and not obvious 
because the cited documents do not teach or suggest that Tat remains stable when adsorbed onto 
microparticles as defined in claim 1 . 

In contrast, the copending application concerns novel nanoparticles that are produced using a 
new emulsion-based method. None of the documents cited against this application or the 
copending application disclose the nanoparticles of the copending application or methods of 
making them. In view of this, the conflicting claims are patentably distinct from each other 
because they relate to different inventive concepts. This application relates to adsorbing Tat onto 
microparticles, whereas the copending application concerns a new way of making nanoparticles. 
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CONCLUSION 



Applicants submit that the claims are in condition for allowance, and such action is 
respectfully requested. Although no fees are believed to be due, if there are any charges or any 
credits, please apply them to Deposit Account No, 03-2095. 

Respectfully submitted, 



Clark & Elbing LLP 
101 Federal Street 
Boston, MA 02110 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 



Date: v£ 





Susan M. Michaud, Ph.D. 
Reg. No. 42,885 
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Abstract 



Two novel classes of biocompatible core-shell anionic microspheres, composed of an inner hard insoluble core, either made of 
poly(styrene) (PS) or poly(methyl methacrylate) (PMMA), and a soft outer tentacular shell made of long soluble negatively charged 
arms derived from the steric stabilizer, hemisuccinated polyvinyl alcohol) or Eudragit LI 00/55, respectively, were prepared by dispersion 
polymerization and characterized. Five types of these novel microspheres, two made of poly(styrene) and hemisuccinated polyvinyl alco- 
hol) (A4 and A7), and three made of poly(methyl methacrylate) and Eudragit LI 00/55 (ID, IE, HID), differing for chemical composition, 
size, and surface charge density were analyzed for the delivery of the HIV- 1 Tat protein for vaccine applications. All microspheres reversibly 
adsorbed the native biologically active HIV-1 Tat protein preventing Tat from oxidation and maintaining its biological activity, therefore 
increasing the shelf-life of the Tat protein vaccine. The microspheres efficiently delivered Tat intracellularly, and were not toxic in vitro 
nor in mice, even after multiple administrations. These results indicate that these novel microparticles are safe and represent a promising 
delivery system for vaccination with Tat, as well as for other subunit vaccines, particularly when a native protein conformation is required. 
© 2004 Elsevier Ltd. All rights reserved. 

Keywords: Biocompatible microspheres; HIV-1 Tat protein; Vaccine 



1. Introduction 

The development of new adjuvants or delivery systems for 
protein immunization is an expanding research field [1-10]. 
However, a serious limitation to the use of several new 
adjuvants in humans is represented by their reactogenicity 
[1 1,12]. In recent years, polymeric microspheres containing 
protein antigens have been investigated as potential delivery 
systems for their capability to efficiently target the antigen 
to professional antigen-presenting cells and to release it in 
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a controlled way over a prolonged period of time [1,13,14]. 
The use of such microparticulate protein vaccines allows 
to reduce the dose of antigen for primary immunization 
or to develop single dose vaccines, with antibody levels 
and cellular immune responses similar to or greater than 
those observed with adjuvants such as alum [2,4,9]. Suc- 
cessful incorporation of proteins in poly(DL-lactide) (PLA) 
and poly(DL-lactide-co-glicolide) (PLGA) biodegradable 
microparticles with respect to loading and encapsulation 
efficiency, as well as microparticle size and morphology, 
has been described in several studies [15-17]. However, 
although proteins encapsulated into a PLA or PLGA matrix 
may be protected from unfavorable conditions (e.g. pH, bile 
salts and proteolytic enzymes) encountered after parenteral 
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or mucosal administration [18], a common problem with 
this type of delivery systems is the instability or the degrada- 
tion of the entrapped antigen. This may occur either during 
the encapsulation process, such as the exposure to organic 
solvents, high shear and freeze-drying, and/or in the body 
when the antigen is exposed to the low pH microenviron- 
ment caused by the degradation of the polymer [1,19,20]. 

To overcome these problems and to develop new and im- 
proved protein vaccine delivery systems, characterized by 
an increased shelf-life and low costs, novel biocompatible 
polymeric microspheres capable of reversibly adsorbing na- 
tive proteins at their surface, were synthesized by dispersion 
polymerization [21]. These microspheres have a core-shell 
structure constituted by a soft outer shell, made of long 
soluble arms able to fix the protein, anchored to an in- 
ner hard insoluble core. In particular, two classes of neg- 
atively charged microspheres, either made of poly(styrene) 
(PS) or poly(methyl methacrylate), and in which the steric 
stabilizers are hemisuccinated poly(vinyl alcohol) or Eu- 
dragit L100/55, respectively, were prepared. Since recent 
studies have indicated that the HIV-1 Tat protein represents 
a promising candidate of a prophylactic and/or therapeutic 
vaccine against AIDS, and since Tat contains a positively 
charged domain, rich in arginine and lysine [22-26], we in- 
vestigated whether these novel anionic microspheres were 
capable of reversibly adsorbing a biologically active HIV-1 
Tat protein, preserving its native conformation, biological 
activity, and its shelf-life, and efficiently delivering it intra- 
cellularly. In addition, in view of their potential development 
as new delivery systems for vaccine application, their safety 
was studied both in vitro and in vivo. The results indicate 
that the novel anionic microspheres preserve Tat conforma- 
tion and activity, and efficiently deliver the protein into the 
cells, in the absence of in vitro or in vivo toxicity. Therefore, 
they are suitable storage and delivery systems for vaccine 
applications, particularly when the native protein conforma- 
tion is required. 

2. Materials and methods 

2.1. Microspheres 

Benzoyl peroxide (BPO), polyvinyl alcohol) (mo- 
lar mass 49.000), styrene, succinic anhydride, methyl 
methacrylate were purchased from Sigma-Aldrich (St. 
Louise, MI). Poly(methacrylic acid, ethyl acrylate) 1:1 sta- 
tistical copolymer powder (trade name Eudragit LI 00/55; 
average molar mass of 250.000 g/mol) was supplied by 
R6hm GmbH (Darmstadt, Germany). Samples A4 and A7 
were prepared by dispersion polymerization of styrene 
(monomer) in the presence of hemisuccinated polyvinyl 
alcohol) as the steric stabilizer, as described previously 
[21], Samples ID, IE, HID were obtained by dispersion 
polymerization of methyl methacrylate (monomer) in the 
presence of Eudragit LI 00/5 5 as the steric stabilizer. HID 



fluorescent microspheres were produced similarly by dis- 
persion polymerization in the presence of a newly prepared 
fluorescein-based allylic monomer of methyl methacrylate. 
Briefly, the preparation of the microsphere A7 was as fol- 
lows: 1.86 g of hemisuccinated poly( vinyl alcohol), 15.5 ml 
of styrene, 1.95 g of BPO were dissolved in 162 ml of 
ethanol/2-methoxyethanol 1/1 under a nitrogen atmosphere. 
The solution was heated at 70 °C for 48 h under mechanic 
stirring (60rpm). The reaction mixture was then cooled 
and, after three cycles of centrifugation and redispersion 
with the organic solvent and two cycles with HPLC grade 
water, the resulting particles were lyophilized. A 76% yield 
was obtained. Similarly, A4 microspheres were prepared 
starting from 1.34 g of hemisuccinated polyvinyl alcohol) 
dissolved in 162 ml of ethanol/2-methoxyethanol 9/1 (yield 
= 82%). As concerned the Eudragit stabilized poly(methyl 
methacrylate) microspheres, as a typical example, the prepa- 
ration of sample ID was as follows: 14.73 g of Eudragit 
were dissolved under a nitrogen atmosphere for 30 min in 
methanol heated at 60 °C. a,ct'-azoisobutyronitrile (0.37 g) 
was dissolved in 18.4g of methyl methacrylate monomer 
and added to the solution. The reaction was left to proceed 
for 24 h under constant stirring. The reaction mixture was 
then cooled and, after three cycles of centrifugation and 
redispersion with methanol followed by two cycles with 
deionized water, the resulting particles were lyophilized. A 
70% yield was obtained. In a fashion similar to the synthe- 
sis of A4 and A7, the variation in size and surface charge 
density of ID, IE, HID and fluorescent-HID was obtained 
using different amounts of steric stabilizer and solvent 
composition during the synthesis. Synthesis details will be 
described elsewhere [Sparnacci et al., personal communi- 
cation]. Microspheres can be stored lyophilized at room 
temperature or resuspended (2mg/ml) in degassed sterile 
phosphate buffered saline (PBS) at 4°C. 

2.2. Particle size and morphology analysis 

Particle size was measured by a Jeol JEM-100CX scan- 
ning electron microscope (SEM) (Akishima, Japan) at an ac- 
celerating voltage ranging between 20 and 30 kV. The sam- 
ples were sputter-coated with gold. The amount of steric 
stabilizer covalently linked to the microsphere surface was 
determined by acid-base titration [Sparnacci et al., personal 
communication], 

2.3. Adsorption of Tat to the microspheres 

The biologically active Tat protein of HIV-1 (HTLVIII- 
BH10) was produced in Escherichia coli, purified and tested 
for activity as previously described [27-29]. To prevent ox- 
idation that occurs easily because Tat contains seven cys- 
teines, the Tat protein was stored lyophilized at -80°, and 
resuspended in degassed sterile PBS (2 mg/ml) immediately 
before use, as described [27—29]. In addition, since Tat is 
photo- and thermo-sensitive, the handling of Tat was always 
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performed in the dark and on ice. Experiments were also 
performed with Tat oxidized by exposure to light and air for 
16h. By this procedure, Tat loses its biological activity due 
to conformational changes, including multimerization and 
aggregation of the protein with loss of the monomelic ac- 
tive form [27-29]. Endotoxin concentration of different lots 
of Tat was always below the detection limit (<0.05 EU/jxg), 
as tested by the Limulus Amoebocyte Lysate analysis. The 
appropriate volumes of Tat and microspheres were mixed 
in 200 |jil of PBS and incubated in the dark and on ice for 
60 min. In some experiments, samples were exposed to air 
and light at room temperature for 16h. In both cases, after 
incubation samples were spun at 13,000 rpm for 10 min. The 
pellets (Tat-microspheres complexes) were resuspended in 
the appropriate volume of degassed sterile PBS and used 
immediately. 

2.4. Flow cytometry 

Microspheres (50|xg) were incubated with increasing 
amount of the Tat protein (0.1, 0,5, 1, 2, 5 and 10 |xg) in a 
final volume of 50 jjlI for 60 min at room temperature under 
mild agitation. Microspheres alone or microsphere-Tat com- 
plexes were spun at 1 3,000 rpm for 1 5 min, washed twice and 
resuspended in 50 |xl of PBS. Five u,l of microspheres-Tat 
complexes or microspheres alone were then incubated for 
30 min at 4°C with a FITC-labeled anti-Tat rabbit poly- 
clonal antibody [Magnani, et al., unpublished results] and 
analyzed by flow cytometry (FacScan Becton-Dickinson 
Mountain View, CA). 

2.5. Cell cultures 

Monolayer cultures of human HL3T1 cells, containing 
an integrated copy of plasmid HIV-1-LTR-CAT, where ex- 
pression of the chloramphenicol acetyl transferase (CAT) 
reporter gene is driven by the HIV- 1 LTR promoter, were 
obtained through the NIH AIDS research and reference 
reagents program (Bethesda, MD) and grown in DMEM 
(Gibco, Grand Island, NY) containing 10% FBS (Gibco). 

2.6. Isolation of murine and human primary cells 

Six-week-old Swiss female mice (Nossan, Italy) were in- 
jected intraperitoneally (i.p.) with 1.0 ml of 10% thioglyco- 
late (Sigma). At 4 days, mice were sacrificed, and peritoneal 
exudates cells highly enriched for macrophages were har- 
vested by i.p. lavage with 1 0 ml of ice-cold Hank's balanced 
salt solution supplemented with lOU/ml of heparin. Cells 
(4 x 10 6 cells) were washed twice, resuspended in DMEM 
supplemented with 10% heat-inactivated FBS, 1% antibi- 
otics, 2 mM glutamine, seeded onto 35 mm Petri dishes, and 
incubated for 12 h in a humidified 5% CO2 atmosphere at 
37 °C to allow macrophage adherence. No adherent cells 
were gently removed with warmed DMEM medium. Mono- 
layers were 95% pure macrophages as determined by im- 



munostaining and surface marker analysis using a rat mon- 
oclonal antibody to mouse F4/80 (Caltag Lab., Burlingame, 
CA). 

Murine splenocytes were purified from spleens of 
10-week-old BALB/c female mice using Ficoll gradients, 
as described [30], and grown in RPMI 1640 supplemented 
with 10% FBS. Human monocytes and monocyte-derived 
dendritic cells were purified from a buffy coat, characterized 
and cultured as described [31]. 

2. 7. Analysis of cytotoxicity in vitro 

HL3T1 cells (1 x 10 4 /100u,l) were seeded in 96-well 
plates and cultured at 37 °C for 24 h. One-hundred microliter 
of medium containing the microspheres alone (10, 30, 50, 
100, 300, 500 and 1000|i,g/ml) or bound to Tat (1 (xg/ml) 
(sextupled wells) were then added to the cells. Untreated 
cells and cells incubated with Tat alone were the controls. 
Cells were incubated for 96 h at 37°, and cell proliferation 
was measured using the colorimetric cell proliferation kit I 
(MTT-based) provided by Roche (Roche, Milan, Italy) [32]. 

2.8. Cellular uptake of microspheres 

HL3T1 cells (1 x 10 5 ) were seeded in 24-well plates 
containing a 12 mm glass coverslip, and incubated with 
fluorescent-HID microspheres. After incubation, cells were 
washed, fixed with 4% cold paraformaldehyde and ob- 
served at a confocal laser scanning microscope LSM410 
(Zeiss, Oberkochen, Germany). Image acquisition, record- 
ing and filtering were carried out using a Indy 4400 graphic 
workstation (Silicon Graphics, Mountain View, CA) as 
previously described [33], 

Human monocytes and monocyte-derived dendritic cells 
(1 x 10 5 ), and murine splenocytes (4 x 10 6 ) were incu- 
bated in 24-well plates with fluorescent-HID microspheres 
for 24 h. After incubation, cells were washed and lay- 
ered onto glass slides previously coated with poly-L-lysine 
(Sigma) according to manufacturer's instructions. Cells 
were fixed with 4% cold paraformaldehyde, stained with 
4'-6'-diamidino-2-phenylindole (DAPI; Sigma) and ob- 
served with a confocal microscope, as described above, 
and at a fluorescent microscope Axiophot 100 (Zeiss). The 
green fluorescence (microspheres) was observed with a 
450-490A, flow through 51 OA and long pass 520A. filter; 
the blue fluorescence (DAPI) was observed with a band 
pass 365X, flow through 395A and long pass 391k filter. 
For the same microscopic field, green, blue and phase con- 
trast images were taken with a Cool-Snapp CCD camera 
(RS-Photometrics, Fairfax, VA). The three images were 
then overlapped using the Adobe Photoshop 5.5 program. 

Murine macrophages (3 x 10 6 ) were incubated in the 
presence of microspheres, at a ratio of 4 microspheres per 
macrophage, for 1, 2 and 4 h. Cells were extensively washed 
to remove non-phagocytosed microspheres, fixed with 2% 
paraformaldehyde and 2.5% glutaraldehyde for 30 min at 



A. Caputo et al. / Vaccine 22 (2004) 2910-2924 



2913 



4°C, and stained with toluidine blue. Cells were observed 
at a phase contrast microscope (lOOx) to count the number 
of macrophages with phagocytosed microspheres. The per- 
centage of cellular uptake was calculated as follows: [mean 
number of cells with phagocytosed microparticles/mean to- 
tal number of cells] x 100, counted in three microscopic 
fields. 

2.9. Immunofluorescence 

HL3T1 cells (1 x 10 5 ) were seeded in 24-well plates 
containing a 12 mm glass coverslip, and incubated with 
fluorescent-HID microspheres-Tat protein complexes. The 
dose of 30 |xg/ml of miscrospheres associated with 5 (xg/ml 
of Tat was used. Controls were represented by cells in- 
cubated with the Tat (5 u,g/ml) protein alone or untreated 
cells. After incubation, cells were washed, fixed with 4% 
cold paraformaldehyde and analyzed by immunofluores- 
cence with an anti-Tat monoclonal antibody (4B4C4) and a 
goat Cy3 -conjugated anti-mouse IgG secondary serum, as 
previously described [34]. Cells were colored with DAPI 
and observed at a fluorescence microscope. The red fluo- 
rescence (Tat) was observed with a band pass 546A., flow 
through 580A. and long pass 59QX filter; the green (micro- 
spheres) and blue fluorescence (DAPI) were observed as 
described above. For the same microscopic field, green, red, 
blue and phase contrast images were taken and overlapped 
as described above. 

2.10. Gel electrophoresis 

Microspheres (50|a,g) were incubated with increasing 
amounts of the Tat protein (1, 2, 5, 10 \x.g) in a final volume 
of 50 juul for 60 min at room temperature under mild agita- 
tion. Microsphere-Tat complexes were spun at 1 3,000 rpm 
for 10 min, washed three times with PBS, and resuspended 
in 25 jjlI of 0.5 M Tris/HCl, pH 6.8, containing SDS 2%, 
MSH 4% (v/v) and bromophenol-blu (sample buffer). Sam- 
ples were boiled for 10 min and spun at 13,000 rpm for 
10 min. Supernatants (recovered Tat) were run onto 14% 
SDS-PAGE and stained with Coomassie blue [35]. Free Tat 
protein (1, 2, 5 and 10|xg) was resuspended in 25(jl1 of 
sample buffer and run in each gel as the standard control. 
Gels were analysed with a GelDoc Quantity One system 
(BioRad, Munchen, Germany), and the amount of Tat re- 
covered after boiling was determined by linear regression 
analysis on the Tat standard curve included in each gel. 
The microsphere loading ability (w/w) is determined as 
follows: [Tat (recovered) (|xg)/microspheres used to form 
the complexes (50|xg)] x 100, 

2.11. Evaluation of the Tat protein activity 

Evaluation of Tat protein activity was performed using 
HL3T1 cells. These cells contain an integrated copy of the 
bacterial CAT reporter gene whose expression is driven by 



the HIV-1 LTPv-promoter. In these cells expression of CAT 
occurs only in the presence of bioactive Tat protein and it 
correlates with the amount of Tat For this purpose, HL3T1 
cells (5 x 10 5 ) were seeded in 60 mm Petri dishes, and 24 h 
later cells were replaced with 1 ml of fresh medium and incu- 
bated with Tat alone (0. 1 , 0.25, 0.5,1 jJLg/ml) or Tat adsorbed 
onto the microspheres (30 |xg/ml) in the absence or presence 
of 100 u,M chloroquine (Sigma). In some experiments, be- 
fore the addition to the cells, Tat alone or Tat-microsphere 
complexes were exposed to air and light at room tempera- 
ture for 16h. CAT activity was measured 48 h later in cell 
extracts after normalization to total protein content, as de- 
scribed previously [34,35]. The percentage of CAT activ- 
ity was calculated by the formula [cpm of the acetylated 
,4 C-chloramphenicol/total cpm of acetylated and unacety- 
lated 14 C-chloramphenicol] x 100. 

2.12. Safety studies 

Animal use was according to national and institutional 
guidelines. BALB/c mice (7-8-week-old female) (Nossan, 
Milan, Italy) were injected with 30|a,g of microspheres 
bound to the Tat protein (0.5 or 2 |xg). Control mice were 
injected with the Tat protein alone, Tat protein in Freund's 
adjuvant (CFA for the first inoculation, IFA for subsequent 
inoculations), or PBS. Samples (100 (xl) were given by in- 
tramuscular (i.m.) injections in the quadriceps muscles of 
the posterior legs. Mice were injected twice (protocol 1), at 
weeks 0 and 2, and in each group half number of mice were 
sacrificed 2 weeks after the first injection, and the remaining 
animals 2 weeks after the second injection. Alternatively, 
mice were injected three times (protocol 2), at weeks 0, 4 
and 8, and in each group half number of mice were sacri- 
ficed 2 weeks after the second injection, and the remaining 
animals 2 weeks after the third injection. During the course 
of the experiments, animals were controlled twice a week at 
the site of injection, for the presence of edema, induration, 
redness, and for their general conditions, such as liveliness, 
vitality, weight, motility, sheen of hair. At sacrifice mice 
were anesthetized i.p. with 1 00 (Jul of isotonic solution con- 
taining 1 mg of Inoketan (Virbac, Milan, Italy), and 200 (xg 
Rompun (Bayer, Milan, Italy). 

2.13. Histological, histochemical and 
immunohistochemical procedures 

At sacrifice animals were subjected to autopsy. Samples 
of cutis, subcutis and skeletal muscles at the sites of in- 
jection and other organs (lungs, heart, intestine, kidneys, 
spleen and liver) were fixed in 10% formalin for 12-24 h, 
embedded in paraffin, and routinely processed for histologi- 
cal examination. Paraffin-embedded sections (3-5 |xm) were 
stained with hematoxylin and eosin, subjected to periodic 
acid-Shiff (PAS) reaction with and without diastase treat- 
ment (Sigma). Serial tissue sections were immune-stained 
using the avidin-biotin-peroxidase complex technique 
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(Vectastain ABC Kit PK-4002, Vector Labs, Burlingame, 
CA) according to Hsu et al. [36], The panel of antibodies 
included S-100 (Dako, Denmark), HH-F 35 (Dako) for de- 
tection of a-actin, CD68 and Mac387 (Dako) for detection 
of macrophages. Briefly, after deparaffinization and rehy- 
dration, endogenous peroxidase was blocked with 0.3% 
H2O2 in methanol; samples were then incubated with pri- 
mary antibodies for 10-12 h at 4 °C. Biotinilated-anti-mouse 
and anti-rabbit immunoglobulins (Sigma) were utilized 
as secondary antibodies. Specific reactions were detected 
following incubation with avidin-biotin-peroxidase con- 
jugated and treatment with diaminobenzidine (Sigma) and 
hydrogen peroxide. 

2.14. Statistical analysis 

Student's Mest was performed as described [37]. 

3. Results 

3.1. Polymeric microspheres adsorb the HIV- 1 Tat 
protein at their surface 

Two novel classes of biocompatible polymeric anionic 
microspheres, made of poly(styrene) or poly(methyl metha- 
crylate) (PMMA) and in which the steric stabilizers are 
hemisuccinated polyvinyl alcohol) and Eudragit LI 00/55, 
respectively, were synthesized by dispersion polymerization. 
The particles appeared spherical, smooth and homogeneous 
in size (Fig. 1). In both classes of microspheres the long sol- 
uble arms of the outer shell are covalently bound to the sur- 
face of the particles. This feature distinguishes these novel 
particles from other colloidal systems whose surface is sim- 
ply coated by hydrophilic polymers [38,39]. In this study, 
five types of microparticles, two made of PS (A4 and A7) 
and three made of PMMA (ID, IE, HID) were chosen for 
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Fig. 2. Flow cytometry analysis of Tat adsorbed to the surface of polymeric 
microsphere. One representative type of microsphere for each class is 
shown: A7 (•) made of poly(styrene) and hemisuccinated polyvinyl 
alcohol) and IE (■) made of poly(methyl methacrylate) and Eudragit 
L100/55. 



characterization as protein delivery systems for vaccine ap- 
plications. 

Microspheres A4 (0.99 ± 0.03 |xm) and A7 (3.46 ± 
0.10 u.m) are made of an inner hard core of poly(styrene) 
and an outer shell of negatively charged groups derived 
from hemisuccinated polyvinyl alcohol) stabilizer. Micro- 
spheres ID (4.35 ± 1.02 ixm), IE (2.60 ± 0.45 u,m), HID 
(1.69±0.16|xm) and fluorescent-HID (2.13 ±0.09 u,m) are 
composed of an inner hard core of poly(methyl methacry- 
late) and an outer shell of negatively charged groups derived 
from Eudragit L100/55 stabilizer. In addition, all micro- 
spheres differ for their surface negative charge density 
(Table 1). 

To determine whether the HIV-I Tat protein could bind to 
the surface of these microparticles, Tat was incubated with 
A4, A7, ID, IE and HID samples to allow adsorption, and 
the Tat-microsphere complexes were then analyzed by flow 
cytometry. The results indicated that Tat adsorbs at the sur- 
face of both type of anionic microspheres (Fig. 2). Although 




Fig. 1. SEM image of polymeric anionic microparticles produced by dispersion polymerization. One representative type of microparticle for each class 
is shown: A4 made of poly(styrene) and poly(vinyl alcohol) stabilizer, and HID made of poly(methyl methacrylate) and Eudragit L100/55 stabilizer. 
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Table 1 

Physical properties of polymeric microspheres" 



Microsphere Polymer (stabilizer) Diameter (u.m) COOH/microsphere (u,mol COOH/g) 

A4 PS (EPVA) 0.99 ± 0.03 37.4 

A7 PS (EPVA) 3.46 ± 0.10 20.1 

ID PMMA (Eudragit LI 00/55) 4.35 ± 1.02 48.1 

IE PMMA (Eudragit L100/55) 2.60 ± 0.45 59.2 

HID PMMA (Eudragit L100/55) 1.69 ± 0.16 62.1 

HID fluorescent PMMA (Eudragit LI 00/55) 2.13 ± 0.09 59.2 

a Physical properties of polymeric microspheres composed of an inner hard core made of poly(styrene) (PS) or poly(methyl methacrylate) (PMMA), 
and of carboxyl (COOH) functional surface groups derived, respectively, from hemisuccinated polyvinyl alcohol) (EPVA) or Eudragit L100/55 stabilizers. 
Microspheres were synthesized as described in Section 2. 



the maximum fluorescence, which represents the percent- 
age of microspheres that bind Tat, was already detected with 
1 (xg of Tat, this result is not quantitative, likely because of 
antibody steric hindrance. A more quantitative analysis of 
the Tat protein adsorption onto the particle surface was per- 
formed by SDS-PAGE. In these experiments, the same dose 
of microspheres (50 (ig) was mixed with increasing amounts 
of Tat (1, 2, 5 and 10 |xg). Then, Tat bound to the micro- 
spheres was dissociated from each complex and analysed 
by gel electrophoresis. As shown in Fig. 3, Tat binds on 
the microparticle surface in a dose-dependent fashion. The 
microsphere loading ability (w/w) ranges between 0.2 and 
9.3% according to the amount of added Tat. 

Finally, both classes of microparticles were stable and 
could be stored lyophilized or as suspension, as described 
in the methodology section, for several months. Changes in 
terms of their capacity to adsorb (and to release) Tat have 

6 t 




CD 
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Fig. 3. Loading of Tat to the microsphere surface. Microspheres (50 fig) 
were mixed with increasing amounts of Tat (1, 2, 5, 10 (Ag), and ex- 
tensively washed. Tat was recovered from the complexes, analysed by 
SDS-polyacrylamide gel electrophoresis and quantified as described in the 
methodology section. Data are the mean of three different experiments 
(±S.D.). A4 (O) and A7 (O) made of poly(styrene) and hemisuccinated 
polyvinyl alcohol); HID (A), IE (■) and ID (•) made of poly(methyl 
methacrylate) and Eudragit L100/55. 



been found in microspheres suspensions stored at + 4 °C 
after more than 8 months. 

3.2. Measurement of in vitro cytotoxicity 

An important requirement of synthetic delivery systems is 
the lack of cytotoxicity. Possible cytotoxic effects may de- 
pend on the chemical composition, charges, size dispersion, 
and dose of the microspheres. To test whether the novel poly- 
meric microspheres composed of poly(styrene) (A4, A7) 
and of poly(methyl methacrylate) (ID, IE and HID) are cy- 
totoxic, HL3T1 cells were incubated with increasing con- 
centrations (10-1000 |xg/ml) of each microsphere, alone or 
bound to Tat (1 |xg/ml). After 96 h incubation, cell pro- 
liferation was measured by the MTT assay. As shown in 
Fig. 4, both classes of microspheres and microsphere-Tat 
complexes were not toxic to the cells up to 50 n-g/ml as com- 
pared to untreated or Tat-treated cells (P < 0.01); a 50% 
reduction of cell viability was observed only at higher doses 
(300-1000 (xg/ml) (data not shown). Based on these results 
we have chosen the dose of 30 \xg for all subsequent in vitro 
and in vivo studies. 

3.3, Phagocytosis of microspheres 

Phagocytosis of microspheres by antigen-presenting cells 
is controlled by several factors including size, surface chem- 
istry and morphology of the particles [40-42]. Thus, we ana- 
lyzed whether the polymeric microspheres were phagocyted 
by different types of cells, such as professional phagocytes 
and epithelial cells. Experiments in murine macrophages, 
cultured in the presence of both types of microspheres and 
analyzed at a phase contrast microscope, indicated that all 
particles were taken up with similar kinetics and percent- 
age of phagocytosis (Fig. 5). Similar results were obtained 
when fluorescent-HID were added to human monocytes, 
monocyte-derived dendritic cells, murine splenocytes and 
HL3T1 cells, and observed with confocal and fluorescent 
microscopy. The results shown in Fig. 6, indicate internal- 
ization efficiency ranging from 12% for murine splenocytes, 
18-20% for human monocyte-derived dendritic cells and 
25-30% for human monocytes and HeLa cells. These data 
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Fig. 4. Evaluation of cell proliferation in the presence of the microspheres alone or the Tat-microsphere complexes. HL3T1 cells were cultured for 96 h 
with 10 (j,g/ml (empty bars), 30 u.g/ml (black bars), and 50 u,g/ml (gray bars) of microspheres alone (A), or with the same doses of microspheres bound 
to Tat (1 u-g/ml) (B). Controls were represented by untreated cells (None) or cells cultured with 1 u,g/ml of Tat (Tat). 



indicated that the microparticles are taken up by different 
cell types and that chemical composition and size do not 
affect their phagocytosis. 

3.4. Tat-microsphere complexes enter the cells and release 
Tat in a controlled fashion 

Extracellular Tat protein can be taken up by cells after in- 
teraction with heparan-sulfate proteoglycans and integrin re- 
ceptors at the cell surface [28,29,43], To determine whether 
intact Tat-microsphere complexes enter the cells and release 
Tat intracellularly, or whether Tat is delivered at the cell sur- 

100-1 
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Fig. 5. Murine macrophages phagocyte polymeric microparticles. Murine 
macrophages were cultured with microspheres, fixed, colored with tolu- 
idine blue and observed at a phase contrast microscope. Results are ex- 
pressed as the percentage of cells that phagocyted the microspheres, and 
they are the mean of three different experiments (±S.D.). A4 (O) and 
A7 (O) made of poly(styrene) and hemisuccinated polyvinyl alcohol); 
HID (A), IE (■) and ID (•) made of poly(methyl methacrylate) and 
Eudragit LI 00/55. 



face and then released from the Tat-microsphere complexes 
and taken up by the cells, HL3T1 cells were incubated with 
Tat bound to fluorescent-HID microspheres and analyzed by 
immunofluorescence with an anti-Tat mAb. The results indi- 
cated that the Tat-microsphere complexes are readily taken 
up by the cells and release Tat intracellularly in the prox- 
imity of the nucleus (Fig. 7). Of note, Tat is released in a 
controlled fashion, as suggested by the observation that af- 
ter 48 h Tat-loaded particles are still detectable in the cells 
(Fig- 7). 

3.5. Polymeric microspheres protect HIV-1 Tat from 
oxidation 

Tat protein oxidizes very easily with air and light and it 
is labile at room temperature due to the presence of seven 
cysteines in its sequence [26]. Oxidation leads to protein 
multimerization, aggregation and loss of the biological ac- 
tivity, which requires a native protein conformation. There- 
fore, special procedures must be followed for purification, 
handling and storage of Tat in order to preserve its native 
conformation [27-29]. Of note, both the immunomodula- 
tory effects of Tat on macrophage-derived dendritic cells, 
and protection of monkeys vaccinated with Tat from a 
pathogenic challenge were observed utilizing a Tat protein 
in the native conformation and fully biologically active 
[22-24,29]. Therefore, the best evidence for Tat protein 
integrity is to assess its biological activity. To determine 
whether Tat bound to the microspheres was protected from 
oxidation, Tat-microsphere complexes or Tat alone were 
insufflated with air and exposed to light for 16 h at room 
temperature before the addition to the HL3T1 cells. CAT 
activity was then compared to that induced by untreated 
native Tat. The results, shown in Fig. 8, indicate that the ex- 
posure to air and light did not inactivate Tat trans-activating 
function when Tat was previously adsorbed onto the micro- 
spheres, whereas it caused the loss of Tat biological activity 
when Tat was free. Thus, Tat bound to the microspheres 
was protected from oxidation. This result was confirmed in 
a different set of experiments in which Tat, free or bound 
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Fig. 6. Analysis of microspheres uptake. Human monocytes (A), monocyte-derived dendritic cells (B), murine splenocytes (C) and HL3T1 cells (D) were 
cultured in the presence of fluorescent HID microparticles for 24h, fixed with paraformaldheyde and observed at fluorescent and confocal microscopes. 
Representative images of fluorescent microscopy are shown in panels A-C, and of confocal microscopy in panel D. 



to the microspheres, was analyzed by SDS-PAGE gel elec- 
trophoresis either before and after exposure to light and 
air at room temperature. Exposure of free Tat to oxidizing 
conditions caused the decrease of the monomeric bioactive 
form of Tat and, concomitantly, the increase of oxidized Tat 
multimers, as compared to free Tat not exposed to air and 
light (data not shown). In contrast, when Tat was bound to 
the microspheres, the monomeric conformation of Tat was 
the most abundant form, either before or after exposure to 
air and light (data not shown). 

3.6. Polymeric microspheres bind and release 
biologically active Tat protein 

For their application as delivery systems in vaccine devel- 
opment, polymeric microspheres should bind and release a 
protein in its biologically active conformation. This is par- 
ticularly important for Tat since a native protein is required 
for vaccine efficacy [22-24]. Therefore, the capability of 



the microspheres to bind and release the HIV-1 Tat pro- 
tein in its biologically active conformation was determined 
in HL3T1 cells, containing an integrated copy of the re- 
porter plasmid HIV-1 LTR-CAT. Cells were incubated with 
increasing amounts of Tat alone or Tat adsorbed onto A4, 
A7, ID, IE and HID microspheres. Expression of CAT was 
maximal and similar among all Tat-microsphere complexes 
(Fig. 9). In addition, at the doses of 100, 250 and 500ng/ml 
of Tat bound to the microspheres, CAT expression was sig- 
nificantly higher than that elicited by the same doses of 
Tat alone (Fig. 9), suggesting that Tat bound at the surface 
of the microspheres is protected from proteolytic degrada- 
tion and/or released in a controlled fashion from the com- 
plexes, in agreement with the previous results shown earlier 
(Fig. 7). These results demonstrate that all the microspheres 
tested adsorb and release biologically active Tat protein in 
a dose-dependent fashion, and that Tat bound to the micro- 
spheres maintains its native conformation and biological ac- 
tivity. 
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Fig. 7. Polymeric microspheres deliver and release HIV-1 Tat intracellularly. HL3T1 cells were cultured in the presence of fluorescent-HlD (30(Lg/ml) 
bound to Tat (5 u,g/ml), or with Tat alone (5 jig/ml), fixed and analyzed by immunofluorescence using an anti-Tat monoclonal antibody. For the same 
microscopic field, green (HID), red (Tat), blue (DAPI) and phase contrast (cells) images were taken with a CCD camera and overlapped with a Adobe 
Photoshop program. 



3. 7. Evaluation of the safety of Tat-microsphere 
complexes in vivo 

To study the safety of these novel microparticles in vivo, 
mice (« = 176) were injected with the Tat-microsphere 
complexes. Control mice (n = 120) were injected with Tat 
alone, Tat and Freund's adjuvant, or PBS. Animals were in- 
jected at weeks 0 and 2 (protocol 1), or at weeks 0, 4 and 
8 (protocol 2) (Table 2). During the course of the experi- 
ment, each animal was controlled twice a week at the site 
of injection and for its general health conditions. No signs 
of local nor systemic adverse reactions were ever observed 



in mice receiving the Tat-microsphere complexes, as com- 
pared to control mice injected with Tat or with PBS. Mice 
were sacrificed after the first and second injection in proto- 
col 1, and after the second and third inoculation in protocol 
2, and tissues and organs were collected for histological and 
immunohistochemical examination. 

Two types of histological pictures were observed at the 
site of injection. The first consisted of small foci, involving 
one or two muscle fibers, showing increased number of nu- 
clei, and scarce macrophage infiltrate in the interstitial space 
(Fig. 10A and C). These features were prevalently detected 
in mice injected with the Tat-microsphere complexes or Tat 
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Table 3 

Tat-microsphere complexes induce a poor inflammatory reaction at the 
site of injection 3 
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Fig. 8. Polymeric microspheres protect HIV-1 Tat from oxidation. HL3T1 
cells, containing an integrated copy of the reporter vector HIV- 1 LTR-CAT, 
were incubated with Tat (1 u.g/ml) adsorbed to the microspheres (30 u.g/ml) 
and exposed to air and light for 16 h at room temperature. Control cells 
were incubated with the same dose of the protein, which was untreated 
(Tat) or oxidized by exposure to air and light (Tat ox). The percentage 
of CAT activity was calculated as described [34]. Results are the mean 
of two independent experiments. 



alone. The second type of picture was found in the muscu- 
lar fascia and in the surrounding adipose tissue, and it was 
characterized by a central area of necrosis surrounded by 
neutrophil granulocytes and macrophages (Fig. 10B and D). 
The macrophages always showed good reactivity to CD68 
and Mac387 monoclonal antibodies; T and B lymphocytes 
were not detected in the inflammatory reactions. This type 
of lesion, as well as the higher number of inflammatory 
cells, was detected in the majority of mice receiving Tat 
and Freund's adjuvant. In the other animals and in control 
mice inoculated with PBS, the inflammatory reaction was 
inconspicuous, related to the traumatic stimulus or absent 



Table 2 

Scheme of inoculation" 



Sample 


Dose 


Protocol 1 


Protocol 2 




(Tat/microsphere) 


mice injected 


mice injected 


Tat/A4 


0.5u,g/30fi.g 


16 


10 




2 |xg/30 |xg 


6 


50 


Tat/A7 


0.5 u.g/30u.g 


16 


10 




2 |ULg/30 p.g 


6 


n.d. b 


Tat/ID 


0.5 u.g/30 |xg 


10 


10 


Tat/IE 


0.5 u.g/30 M.g 


10 


10 


Tat/HID 


0.5 u,g/30(jLg 


10 


10 


Tat/Freund's 


0.5 (jug 


16 


10 




2|xg 


6 


n.d. b 


Tat 


0.5 u.g 


6 


n.d. b 




2|xg 


6 


n.d. b 


PBS 


None 


16 


60 



a BALB/c female mice were injected i.m. with 0.5 or 2 u,g of Tat 
adsorbed to 30 fjLg of microspheres, Tat and Freund's adjuvant, Tat alone 
or PBS, at weeks 0 and 2 (protocol 1) or at weeks 0, 4 and 8 (protocol 
2). The number of mice injected with each sample is reported. 

b n.d.: not done. 



Group 



Mice with inflammatory reaction at the 
site of injection/number of mice examined 





I 


II 


III 


Tat/A4 


1/8 (12) 


7/17 (41) 


10/16 (62) 


Tal/A7 


0/8 (0) 


2/12 (17) 


3/6 (50) 


Tat/ID 


1/2 (50) 


2/6 (33) 


4/6 (66) 


TatlE 


0/2 (0) 


2/6 (33) 


3/6 (50) 


Tat/HID 


0/2 (0) 


1/6 (17) 


3/4 (75) 


Tat/Freund's b 


6/8 (75) 


11/12 (91) 


6/6 (100) 


Tat 


0/6 (0) 


3/6 (50) 


n.d. c 


PBS 


0/6 (0) 


0/6 (0) 


0/10 (0) 



a BALB/c mice were injected at weeks 0 and 2 or 0, 4 and 8, and 
sacrificed 2 weeks after the first (I), second (II) or third (III) immunization, 
respectively, for histological and immunohistochemical examination of the 
muscle at the site of injection and of other organs. Percentage of mice 
developing an inflammatory reaction at the site of injection are reported 
in parenthesis. 

b All mice injected with Tat and Freund's adjuvant developed a gran- 
uloma at the site of injection that was visible a few days after the first 
inoculation. 

0 n.d.: not done. 

(Table 3). Laden macrophages reaction or other type of in- 
flammatory reactions were not observed in the other organs. 

No differences in the inflammatory reactions, related 
to the chemical composition and size of microspheres 
or the dose of Tat, were detected after one immuniza- 
tion. Indeed, only 2/22 (9%) mice, inoculated with A4-Tat 
0.5jjig or ID-Tat 0.5 (jug, showed an inflammatory reac- 
tion. After two immunizations, 14/47 (30%) mice treated 
with the microsphere-Tat complexes developed a local 
inflammatory reaction. After three immunizations, 23/38 
(60%) of mice treated with the Tat-microsphere com- 
plexes showed variable inflammatory reactions at the site 
of inoculation. In conclusion, the frequency of the inflam- 
matory reactions correlated with the number of immuniza- 
tions. 

Tat-treated mice presented local inflammation (type one 
picture) only after the second inoculation in about 50% of 
the mice; macrophages infiltration was more frequently ob- 
served, but it was not related to the dose of Tat. 

All mice treated with Tat and Freund's adjuvant showed 
intense inflammatory reactions independently from the num- 
ber of immunizations; the incidence was more than 70% 
after the first injection and raised up to 90-100% after the 
second and the third treatment. This is likely due to the type 
of adjuvant used. 



4. Discussion 

Several microspheres with different polymer composition, 
poly(methyl methacrylate) or poly(styrene), different sur- 
face functionalization and size were prepared by dispersion 
polymerization and characterized. In view of their possible 
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Fig. 9. Analysis of the expression of the HIV-1 Tat protein bound to polymeric microspheres made of poly(styrene) and polyvinyl alcohol) (A4, A7), 
and of poly(methyl methacrylate) and Eudragit L100/55 (ID, IE and HID), respectively. HL3T1 cells were incubated with increasing amounts of Tat 
alone, and with the same amounts of Tat bound to each microsphere (30 u,g/ml) for 48 h. Results are the mean of three independent experiments (±S.D.). 



application as delivery system for vaccine development, 
samples with the smallest size (1-5 |a,m range) and diame- 
ter dispersion value (0.03-1 .02 p-m) were selected. For the 
same reasons, the HIV-1 Tat protein was selected as the 
model antigen. Due to the presence of a positively charged 
basic region in the Tat sequence, steric stabilizers with 
negative charged carboxylate groups (polyvinyl alcohol) 
and Eudragit LI 00/5 5) were used to produce homogeneous 
preparations of core-shell microparticles. Polymers and 
steric stabilizer were chosen based on their biocompatibil- 
ity [11,44,45]. In addition, poly(methyl methacrylate) and 
poly(styrene), in the form of nanoparticles, have already 
been shown to be very attractive as adjuvants in parentally 
administered vaccines [46-49] and to be slowly biodegrad- 
able [50-56]. Moreover, poly(methyl methacrylate) has 



been used in surgery for over 50 years [11]. Similarly, 
Eudragit has been approved for human use [57]. 

The results demonstrate that these novel anionic micropar- 
ticles can enter several types of professional phagocytic 
cells and epithelial cells (Figs. 5-7). The polymeric micro- 
spheres are phagocyted by murine macrophages at similar ef- 
ficiency (>80%), and irrespective of their size and chemical 
composition. Moreover, the microparticles enter monocytes, 
monocyte-derived dendritic cells, splenocytes and epithelial 
cells with a high efficiency, ranging from about 12% for 
murine splenocytes, 18-20% for human monocyte-derived 
dendritic cells and 25-30% for human monocytes and HeLa 
cells. Previous studies have shown that the efficiency of de- 
livering molecules to DC using lipofection or electropora- 
tion is little or extremely poor [58]. Therefore, the results 



A. Capulo et al. /Vaccine 22 (2004) 2910-2924 



2921 



•\ * • ' - V 

* ■ ■ . 






«i f.SZf "■KEF " J 

•* 6 V? »• • ■ *'•■ i f^- 'i 

y ±Ji*P ■ • M ; la 

By ■ $4* 



Pi?SS-^S^^5:S^i^KiS4! i^*:; i 

3sg|;«» IT ; ^Sfi* 








*l*^«sii ili«ii*5BSSs 

w 


- v • • - 

llllliiip 








b" ' 


«? 







mm 



Fig. 10. Histologic examination of the inflammatory reactions present at the site of inoculation. Two representative mice injected i.m. with Tat (2(Lg) 
adsorbed to A7 microparticles (A, C), and Tat (2 |xg) in Freund's adjuvant (B, D), at weeks 0, 4, and 8, are shown, A7-Tat inoculation caused a scarce 
inflammatory reaction (A) in the muscle fibers consisting exclusively of macrophages (C). Tat plus Freund inoculation induced an intense inflammatory 
reaction prevalently in the adipose tissue surrounding the muscle fibers with presence of macrophages and clear lacunae of lipolysis (B), and in some 
cases with extensive necrosis constituted by amorphous material and nuclear debris (D). Hematoxylin-eosin staining; A and B: 40x; C; 400x; D: 200x. 



suggest that these polymeric particles may function as an 
efficient delivery systems to APC for generation of effec- 
tive immune responses in vivo, either by passive transfer or 
direct immunization. 

The results indicate that both classes of microparticles 
are able to bind Tat on their surface in a dose-dependent 
fashion (up to 9% (w/w)) (Fig. 3). Tat-adsorption occurs 
rapidly, being complete in 1 h, it is highly reproducible and 
the Tat-microsphere complexes are very easy to prepare. 
The results in cell-free and in tissue culture systems demon- 
strate that both classes of microparticles bind Tat in its na- 
tive biological active conformation, and that Tat is gradually 
released as a bioactive protein into the cells (Figs. 7-9). 

Several previous studies described the improvement 
of vaccines by antigen encapsulation into liposomes 
[59,60] and biodegradable polymers [61]. However, it has 
well-established that the encapsulation and release processes 
expose the antigen to a variety of damaging conditions that 
often lead to instability and degradation [62]. The advan- 
tage of the protein delivery system described here is that 
both classes of microspheres are designed for adsorption of 
the antigen at their outer surface. Since microparticles sur- 
face can be tailored with positively and negatively charged 
groups [21,63], ionic interaction with proteins characterized 



by different isoelectric points can be envisaged. In partic- 
ular, carboxylated microspheres were designed in order to 
deliver basic proteins like Tat. This strategy avoids prob- 
lems of protein instability and/or incomplete release follow- 
ing antigen encapsulation in biodegradable microparticles 
[64] and seems to be very efficient. This is in agreement 
with two recent studies describing the use of anionic PLG 
microparticles for adsorption of the HIV-1 Gag protein at 
their surface [65,66], and of polymeric lamellar substrate 
particles for protein adsorption [67]. 

The observation that microparticles protect Tat from 
oxidation and consequently from loss of biological activ- 
ity is noteworthy for their application as protein-vaccine 
delivery systems, in particular for the development of an 
anti-HIV vaccine based on Tat and characterized by in- 
creased shelf-life in developing countries. Tat is very labile 
to air, light and temperature and several precautions are 
needed for the handling and storage of Tat to avoid oxi- 
dation. Previous studies have shown that bioactive Tat, but 
not oxidized Tat, is efficiently taken up by DC at very low 
doses (in the picomolar range), induces their maturation 
and increases both allogenic and recall antigen presen- 
tation by DC, functioning as both antigen and adjuvant 
toward Th-1 type immune responses [29,68]. Of note, we 
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and others have also shown that vaccination with native 
Tat or tat DNA protected monkeys against challenge with 
pathogenic simian-human immunodeficiency virus and that 
protection correlated with Th-1 responses and CTL activity 
[22-24,69-71], This implies that the combination of slow 
release and depot effect of the Tat-microsphere complexes, 
together with the preservation of the biological active con- 
formation, may reduce the amount of antigen used in the 
vaccine and eliminate or reduce the number of booster shots 
necessary for the success of vaccination [22]. Moreover, 
Tat delivered by microparticles may be used in prime-boost 
regimens. In addition, the handling and shelf-life of Tat in 
vaccine formulations is greatly simplified. These features 
may be useful for other protein-based vaccines for which 
immunization with the native bioactive form of the antigen 
is essential. 

Thus, the results indicate that both classes of polymeric 
microparticles behave in a similar fashion, as concerned 
protein adsorption and release, maintenance of protein na- 
tive conformation and biological activity, and the extent 
of internalization by the cells, irrespective of their chemi- 
cal composition, surface charge density and size. In addi- 
tion, microparticles displayed no citotoxicity in vitro, and 
were safe in vivo. From a manufacturing perspective, this 
surface-adsorbed antigen delivery system presents several 
advantages as compared to the antigen entrapment approach, 
which has lower loading efficiency with loss of 50% or more 
of the bioactive antigen [62,64]. In addition, the polymeric 
delivery system described herein can load higher amount of 
protein (up to 9% (w/w)) as compared to anionic-PLG mi- 
croparticles (0.5-0.7% (w/w)) used to adsorb HIV-1 p55 
Gag protein in the presence of SDS [65], Finally, both classes 
of microparticles can be sterilized before adsorption to the 
sterile antigen, which could simplify and reduce the manu- 
facturing process and costs. 
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